Two-and three-photon electron spin echoes of a two-level system are observed using, in addition to the microwave excitation, a linearly polarized radio-frequency field oriented along the static magnetic field B 0 . Such multiphoton echoes are detected when the sum of the energies of one microwave and one or two radiofrequency photons are equal to the difference between energies of two spin states. The multiphoton character of the echoes is confirmed by measuring the spin nutation frequency as a function of the angle between the radio-frequency field and B 0 , and monitoring the echo amplitude as a function of the radiation field strengths. Floquet theory, usually applied for the description of multiphoton resonances with an odd number of photons, is extended to the case where an even number of photons participate in the transition.
INTRODUCTION
The interaction of electromagnetic radiation with matter, where several photons are simultaneously absorbed or emitted, is the physical basis of many effects, as Raman scattering, multiphoton absorption and emission, multiphoton ionization, and harmonic generation (1) . Such multiphoton resonances predicted during the first half of this century (2) are now widely applied in coherent optics (3) . In EPR and NMR multiphoton resonances have been known for a long time, but have not yet been used as spectroscopic tools extensively.
Quantum mechanics requires that the energy, as well as the total angular momentum, is conserved in any transition process. As a consequence, to induce multiphoton transitions in magnetic resonance, the number, the polarization, and the energy of photons involved in the transition must be in accordance with the total change in spin angular momentum and spin energy at the end of the transition.
In continuous wave (cw) magnetic resonance spectroscopy, multiphoton transitions, where the magnetic spin quantum number changes by ⌬m Ͼ 1, have been observed in electron and nuclear multilevel spin systems with photons of the same or of different frequencies (4 -8) . It should be noted, for example, that in a system with nonmixed states the probability of a single-photon transition with ⌬m ϭ 2 is zero, while for a two-photon transition, it is nonzero. The description of these kinds of multiphoton transitions is based on time-dependent perturbation theory and requires a real intermediate energy level (9) .
In two-level systems with nuclear I ϭ 1 2 or electron S ϭ 1 2 spins, a (2n ϩ 1)-photon transition with ⌬m ϭ 1 requires (n ϩ 1) circularly polarized photons rotating in one direction and n circularly polarized photons rotating in the opposite direction. Intermediate spin states do not exist in two-level systems, and the explanation of the multiphoton resonances in this case is based on the concept of "dressed" atoms (10) . Figure 1a shows an example for a three-photon magnetic resonance transition with two right-hand circularly polarized photons ( ϩ photons) and one left-hand circularly polarized photon ( Ϫ photon). In the case of an even number of photons, linearly polarized photons ( photons) are also required to induce a multiphoton magnetic resonance transition, as depicted in Fig. 1b for a two-photon transition.
The first evidence for the existence of multiphoton resonances in a two-level spin system was obtained from experiments with optically pumped atoms (11) . The resonances were observed when the Zeeman splittings of nuclear sublevels were close to 2n and (2n ϩ 1), where n is an integer and is the angular frequency of the radiation field. These effects have been explained as absorption of an even or odd number of photons (12) . Later second harmonics (frequency 2) of an S ϭ 1 2 system were observed with a bimodal cavity during irradiation by a microwave (mw) field of frequency ϭ 0 /2 tilted from the static magnetic field B 0 (13) . Multiphoton transitions in two-level systems can also be created with several photons of different frequencies. In cw EPR experiments two-photon transitions have been observed on free radicals in solids, where one mw ϩ photon and one radio-frequency (rf) photon are absorbed simultaneously (14) . In this experiment the rf field was oriented parallel and the mw field perpendicular to B 0 .
In another approach it was demonstrated that multiphoton transitions can be induced by irradiating a two-level system with two closely spaced frequencies (bichromatic radiation) and using longitudinal detection for observation (15, 16) . These experiments clearly demonstrate that a counterrotating field component is required for the observation of multiphoton transitions with an odd number of photons. In conventional single-photon, single-frequency magnetic resonance experiments, the counterrotating component is far off resonance and manifests only as a Bloch-Siegert shift (17) of the resonance line.
Recently, Hyde and co-workers introduced a cw EPR experiment where the spin system is saturated by two (or four) closely spaced mw frequencies (18 -21) . As in any nonlinear device, the spin system creates intermodulation sidebands, which can easily be detected (18, 19) . Based on the dressed atom formalism and on Floquet theory the intermodulation sidebands have been explained as odd multiphoton resonances (20, 21) .
A necessary condition for the excitation of multiphoton transitions is the nonlinear character of the interaction between the radiation field and the spin system. In many pulse magnetic resonance experiments a high radiation field is used, so that the response of the spin system is no longer linear. As examples, the nutation driven by a two-photon excitation in an I ϭ 3 2 system has been investigated by recording the polarization of a single-quantum transition (22) , and bichromatic pulse excitation of double-quantum coherence of an I ϭ 1 nuclear spin system has been studied (23) . The evolution of an I ϭ 1 2 spin system under bi-and tetrachromatic radiation has been studied in detail both from the experimental and theoretical point of view (24, 25) . An electron spin echo at the second harmonic was observed using an mw field tilted from the B 0 direction and has been used to study the effect of spin diffusion on the spin dynamics (26) . This experimental scheme also was used to monitor transient nutations in an S ϭ 1 2 system (27) . A multiphoton transition goes through a number of virtual states of the spin system, which correspond to the states of the system "dressed" by the electromagnetic field (10) . Recently, the absorption of rf photons by a spin system that evolves under the action of a strong resonant mw pulse was observed and has been used to carry out dressed spin-echo experiments (28) .
Several theoretical approaches have been developed for the description of multiphoton processes (29) . In magnetic resonance, multiphoton transitions are usually described by the Bloch equations (22, 30, 31) , second quantization (15, 16, 32) , and Floquet theory (21, 24, 33) . The first two formalisms have been used to explain both even and odd multiphoton resonances, whereas Floquet theory, first implemented in spectroscopy by Shirley (33) , has only been applied so far for the description of odd multiphoton resonances. Concurrently, it was demonstrated in NMR spectroscopy that Floquet theory is a powerful method for solving time-dependent problems (34, 35) . The extension to many-mode Floquet theory allows one to describe the spin behavior under multifrequency radiation (36) .
Multiphoton resonances in pulse EPR spectroscopy are very attractive from the point of view of spin dynamics and potential applications. In this work we show for the first time that even and odd multiphoton electron spin echoes created with radiation fields that differ in frequency by about three orders of magnitude can be observed, and that these experiments can be described using Floquet theory. After a brief review of the basics of Floquet theory, the formalism is applied to even multiphoton resonances. This takes the Floquet approach as a universal theoretical basis for the explanation of multiphoton experiments. The two-photon transition probabilities are evaluated numerically, and the relation between the transition rates and the strengths of the excitation fields is obtained by using perturbation theory, in the same way as used previously for the odd resonances (24, 33) . Then, following the theory, new experiments are developed demonstrating that two-and threephoton electron spin echoes can be observed with an mw field perpendicular and an rf field parallel to B 0 .
FLOQUET THEORY
Floquet theory is a convenient method for solving Schröd-inger's equation with periodic Hamiltonians. Since Floquet theory is not frequently used in EPR investigations, we briefly review the approach following the work of Shirley (33) and extend the formalism to even multiphoton resonances.
Consider an S ϭ 1 2 electron spin system in a static magnetic field B 0 which is irradiated by a linearly polarized magnetic field 2B 1 cos(t). For an arbitrary angle ϭ Є(B 0 , B 1 ), the laboratory frame Hamiltonian is given by Ᏼ͑t͒ ϭ 0 S z ϩ 2 1 cos͑t͓͒cos͑ ͒S z ϩ sin͑ ͒S x ͔, [1] where 0 ϭ g␤ e B 0 /ប is the Larmor frequency, and 2 1 ϭ g␤ e 2B 1 /ប is the amplitude of the radiation field in angular frequencies. We denote the two eigenstates obtained for 1 ϭ 0 by ␣ and ␤ with E ␣ ϭ 0 / 2 and E ␤ ϭ Ϫ 0 / 2.
To demonstrate the existence of multiple resonances, the transition probability P ␣3␤ of a system which evolves from the ␣ state at time t ϭ 0 to the ␤ state under the Hamiltonian Ᏼ(t) is calculated. For the prediction of the time dependence of the system, we introduce the time-evolution operator U ␣␤ (t). For the matrix elements of a unitary operator F(t), with U(t) ϭ F(t) F Ϫ1 (0), the time-dependent Schrödinger equation can then be written as a set of coupled equations
[2]
By applying the Floquet theorem for the solution of linear differential equations with periodic coefficients (37) we find for the solution of Eq. [2] F ␣␤ ͑t͒ ϭ ⌽ ␤␣ ͑t͒e Ϫiq␤t , [3] where ⌽ ␤␣ (t) are again periodic functions and q ␤ is the characteristic exponent. F ␣␤ (t) in Eq. [3] and the Hamiltonian have the same periodic property, and both of them can be expanded in Fourier series
Substitution of these expansions into Eq. [2] and a rearrangement of the products of the Fourier series result in an infinite set of coupled equations for the matrix elements of the operator
where the summation over k is taken from zero to n. This set has the form of a secular equation for an operator with eigenvalues q ␤ and eigenvectors with components F ␥␤ k . The operator denoted by Shirley as the Floquet Hamiltonian is defined by
The expressions ͉␣n͘ represent Floquet states, ␣ describes the spin state, and n denotes the Fourier component. Equation [7] and Fig. 2 indicate that the matrix elements of the Floquet Hamiltonian change periodically along the main diagonal and the three adjacent diagonals As a consequence of the periodic structure of Ᏼ F , the eigenvalues ␣n will also be periodic ␣nϩp ϭ ␣n ϩ p.
[9]
The property of the eigenvectors ͉ ␥n ͘ of Ᏼ F that belong to the eigenvalues ␥n can be derived from the eigenvalue-eigenvector equation for Ᏼ F using Eqs. [8] and [9] , revealing the periodic properties of the eigenvectors ͗␣n ϩ p͉ ␤mϩp ͘ ϭ ͗␣n͉ ␤m ͘.
[10]
The characteristic exponent q ␤ is the same for each Fourier harmonic of the eigenvector components F ␣␤ n of eigenvalue q ␤ . Consequently, a connection between ␤n and q ␤ may be set as ␤0 ϭ q ␤ , which leads to the relation
Substituting Eq. [11] into Eq. [4] results in an equation for the operator F(t) and allows one to describe the time-evolution operator U(t) for the semi-classical Hamiltonian in Eq. [1] in terms of the solution for the Floquet Hamiltonian in Eq.
[7]
Finally, the probability P ␣3␤ ϭ ͗U ␤␣ (t)U ␤␣ (t)*͘ t averaged over time t can be obtained by integrating Eq.
[12]
[13]
Before calculating these transition probabilities, we must examine the Floquet matrices to get an idea about possible transitions between the Floquet states. Figure 2 shows parts of Floquet Hamiltonians, with Ᏼ F evaluated for ϭ 90° (Fig. 2a ) and ϭ 45° (Fig. 2b) . Figure 2a indicates that in the case of B 1 Ќ B 0 , the states ͉␣n͘ and ͉␤n ϩ 1͘ are connected by offdiagonal elements. A comparison of the Floquet theory with the second quantization approach reveals that the Fourier indices for the Floquet states correspond to the photon occupation number of the quantized radiation field (10, 33) . Thus, a transition ͉␤n ϩ 1͘ 3 ͉␣n͘ can be described as a spin flip from the ␤ state to the ␣ state with the absorption of one photon, representing a single-photon transition.
It can be seen from Fig. 2a that states which are distinguished by their spin projection and which differ in the number of photons by an odd value m ϭ 2l ϩ 1, where l ϭ 1, 2. . . , are indirectly coupled through 2l intermediate states. As an example, the three-photon transition ͉␤3͘ 3 ͉␣0͘ is indicated by arrows in Fig. 2a . In the case of ϭ 45° (Fig. 2b) , state ͉␣n͘ is coupled with state ͉␤n ϩ 1͘ by a photon, and state ͉␤n ϩ 1͘ with state ͉␤n ϩ 2͘ by a photon. The scheme indicates that transitions ͉␤n͘ 3 ͉␣n Ϫ m͘, with m ϭ 2l are possible through 2l Ϫ 1 intermediate states. As examples, the two possible pathways for the two-photon transition ͉␣0͘ 3 ͉␤2͘ are indicated by broken lines.
The intensity of a multiphoton transition can be estimated by using the perturbation treatment developed in (38) . In this approach the Floquet Hamiltonian is approximated by a 2 ϫ 2 matrix ᏴЈ F , whose diagonal elements have been corrected to take the remaining part of Ᏼ F into account, ͗␥k͉ᏴЈ F ͉␥k͘ ϭ ͗␥k͉Ᏼ F ͉␥k͘ ϯ ␦ ␥k . Off-diagonal elements of ᏴЈ F can be considered as the effective radiation strength 1 2 eff (nϪm) of the (n Ϫ m) photon transition. For the matrix elements of ᏴЈ F one finds (24)
and for the correction of the diagonal elements that introduces level shifts
with ␥l, k ␤n, ␣m; ␥l k; and E ␥l ϭ ͗␥l͉Ᏼ F ͉␥l͘. We assume that for an n-photon transition the Zeeman splitting is n times larger than the radiation frequency, E ␣ Ϫ E ␤ Ϸ n, and the strength of the oscillating field is weak, 1 Ӷ . For the three-photon transition ͉␤3͘ 3 ͉␣0͘ shown in Fig.  2a we find for the effective field using Eq. [14] eff ͑3͒ ϭ 1 3 2 2 [16] and for the level shift in lowest order using Eq.
[15]
in agreement with Shirley (33) . For the two-photon resonance ͉␣0͘ 3 ͉␤2͘ shown in Fig. 2b with an oscillating field 1 inclined by an angle of 45°with the B 0 field vector we obtain
and
Equation [18] demonstrates that the effective field for a twophoton transition is proportional to the square of the oscillating field strength and inverse proportional to the irradiation frequency; i.e., it shows the proportionality one would expect in going from three-photon resonances (Eq. [16] ) to two-photon resonances. The dependences described by Eqs. [18] and [19] are the same as those found by solving the Bloch equations in the doubly rotating frame (30) . Equations [16] and [18] suggest that the corresponding (n Ϫ m)-photon transitions have nonzero transition probabilities. On the other hand these elements split the related eigenvalues
In the case of 1 0, the level crossings (E ␣m ϭ E ␤n ) are lifted. The unperturbed Floquet Hamiltonian Ᏼ F should correctly describe these level anticrossings. The existence of the multiphoton transitions thus implies a level anticrossing, and vice versa.
In order to demonstrate the existence of anticrossings we calculated the eigenvalues of the Floquet Hamiltonians evaluated with ϭ 90°and 45°as a function of / 0 with 1 / 0 ϭ 0.2 and 14 ϫ 14 Floquet Hamiltonian matrices (Figs. 3a, b) . The calculation performed with ϭ 90°reveals the existence of anticrossings at / 0 ϭ 0.38, which corresponds to the position of a three-photon resonance (Fig. 3a) . This result is in agreement with those previously reported (24, 33) . The calculation for Ᏼ F (45°) demonstrates anticrossings in the vicinity of / 0 ϭ 1/n, namely at / 0 ϭ 0.55, 0.37, and 0.26, i.e., at the two-, three-, and four-photon resonances (Fig. 3b) . Thus, one can expect that a radiation field tilted from B 0 by 45°will induce even as well as odd resonances.
Numerical calculations of the time-averaged transition probability P ␣3␤ using Eq. [13] were performed for Ᏼ F (90°) and Ᏼ F (45°) as a function of the normalized Larmor frequency 0 / for field strengths 1 / ϭ 0.25, 0.5, and 0.75. To avoid effects caused by the limited dimension of the Hamiltonians, Floquet matrices of dimensions 42 ϫ 42 were used in both cases, which cover resonances with up to 20 photons. The results for Ᏼ F (90°) (Figs. 4a, b, c) show odd resonances close to 0 / ϭ (2n ϩ 1), with n ϭ 0, 1, 2, which move to lower 0 / values when 1 increases, in agreement with the result reported in (33) . In the case of Ᏼ F (45°) (Figs. 4d, e, f ) the probability has maxima at approximately 0 / ϭ n ϩ 1, with n ϭ 0, 1, . . . , 4, which demonstrates that with a tilted radiation field even resonances also appear in the spectrum.
The widths of the higher order resonances are extremely narrow at low values of 1 and broaden with 1 , reflecting that energy levels at anticrossings become flatter at higher radiation fields.
Up to now we considered multiphoton resonances in which several photons with different polarization but with the same energy participate in the process. In this case the transitions go through a number of virtual levels (Floquet or dressed states), which are far away from a real energy level of the spin system (see Fig. 1 ). In single-frequency electron spin-echo experiments it is expected that the echoes of the two-and threephoton transitions will require relatively long excitation pulses or high radiation fields, since the effective field eff (n Ϫ m) is much weaker than that of a single-photon transition because in Eqs. [16] and [18] is in the denominator and is one-half or one-third of the Zeeman splitting. The situation can be considerably improved when the Floquet states are created in the vicinity of a real state. Such states can be generated, for example, by bi-or tetrachromatic radiation fields, which have components at frequencies close to the frequency of the singlephoton transition (15, 20, 25) .
For a two-photon resonance, virtual intermediate states can also be prepared by a transverse mw field with mw 0 . An rf field with frequency rf ϭ 0 Ϫ mw along B 0 can then induce a transition with ⌬m ϭ 0 between this virtual level and the real final state. This scheme has already been implemented for the observation of two-photon resonances in cw EPR (14) . The same field configuration was used in dressed electron spin resonance, with the mw radiation on-resonance with the electron spins (28) .
EXPERIMENTAL RESULTS
In this experimental section we present for the first time multiphoton electron spin echoes where an even and an odd number of photons are involved, and where the frequencies of the radiation fields differ by about three orders of magnitude. Figure 5a shows the field configuration in the laboratory frame with B 0 (represented by 0 ) along z. The linearly polarized mw field with amplitude 2 1 and frequency mw is oriented along y, and the linearly polarized rf field with amplitude 2 2 and frequency rf lies in the xz plane with a variable angle .
The multifrequency experiments can be described by manymode Floquet theory (36) , but for simplicity we reduce the problem to the case of single-mode Floquet theory outlined above by applying a sequence of frame transformations. For ϭ 0 the laboratory frame Hamiltonian is given by Ᏼ͑t͒ ϭ 0 S z ϩ 2 1 cos͑ mw t͒S y ϩ 2 2 cos͑ rf t͒S z . [20] Ᏼ(t) is first transformed to the frame rotating at mw around the z axis. In the rotating frame the effective static field eff ϭ ( 1 2 ϩ ⍀ S 2 ) 1/ 2 , with ⍀ S ϭ 0 Ϫ mw , is tilted from zЈ by the angle , with tan ϭ 1 /⍀ S . Then, neglecting the counterrotating mw component, a rotation around the xЈ axis by the angle gives a new frame with zЉ directed along the effective field. The Hamiltonian in this doubly primed frame becomes ᏴЉ͑t͒ ϭ eff S Љ z ϩ 2 2 cos͑ rf t͒͑cos͑͒S Љ z Ϫ sin͑͒S Љ y ͒.
[21]
A comparison of the Hamiltonians in Eqs. [1] and [21] indicates that the situation in the doubly primed frame is similar to that described above when the single-frequency oscillating field is tilted from the direction of the static field. In the doubly primed frame the rf field has y and z components that depend on the angle . This angle is determined by the mw field strength and the frequency off-set from the single-photon resonance. In the doubly primed frame, and using the theory described above, approximate equations can be derived for the effective field strengths of eff (1d) and eff ( These resonances occur between the states of the spin system which absorb mw photons, i.e., between dressed states. In the laboratory frame they will manifest as two-and three-photon resonances symmetric to the single mw photon transition, when the frequency offset ͉⍀ S ͉ approximately equals rf and 2 rf . An example of such two-photon resonances is shown in Fig. 5b . When the rf field is tilted from B 0 ( 0°), the y and z components of the rf field in the doubly primed frame decrease, as one can see by comparing the Hamiltonians in Eqs. [20] and [21] . Thus, with the field configuration shown in Fig. 5a one can expect to observe spectra consisting of even and odd resonances, which will disappear as the angle approaches 90°. The creation of two-photon echoes is demonstrated at Qband frequencies on a ␥-irradiated quartz sample at a temperature of 100 K. The broad bandwidth of the Q-band resonator allows one to have very similar conditions for excitation and detection of both the low-and high-field two-photon echoes (see Fig. 5b ). The low temperature is used to compensate for the small size of the sample (1.6-mm sample tube), which results in a poor signal-to-noise ratio. The echo-detected fieldswept EPR spectrum obtained with a primary echo sequence with pulse lengths of 20 and 40 ns is shown in Fig. 6 . It consists of a single narrow line with a full width of about 42 MHz at 1% of the maximum signal intensity. The signal is above the noise level up to a width of about 56 MHz. To avoid any influence of side lobes in the excitation spectrum of the pulses on our data, mw pulse lengths of 100 and 200 ns were used for the multiphoton experiments. The signal of the conventional echo was maximum for an mw field strength of about 1 ϭ 2.5 MHz 2 with these pulses (Fig. 7b, trace 1) . The pulse sequence for the creation of the multiphoton echoes is shown in Fig. 7a . The rf field was oriented along B 0 ( ϭ 0), and mw and rf amplitudes were approximately equal, 1 Ϸ 2 Ϸ 10 MHz. The rf and mw sources were not phase locked, and single-shot measurements were performed to avoid signal jittering. The echo traces 2-5 in Fig. 7b were obtained at fields corresponding to off-sets ⌬ of 37.8, 58.2, 78.4, and 97.4 MHz (see labels in Fig. 6 ), which were very close to the rf values used in the experiments, namely 40, 60, 80, and 100 MHz. At each of these field positions the echo amplitudes were found to be maximum. A trend was observed that for each particular frequency rf , the echo amplitude reaches a maximum at an off-set ⌬ which is less than this frequency. The echoes were observed under the condition that the field strengths 1 and 2 are too small to excite a single-photon echo even at the minimum off-set of 40 MHz. For rf ϭ 40 MHz this condition is equal to that used for the numerical simulation shown in Fig. 4d . Off-resonance effects, which could be caused by the strong mw field alone were not observed under the conditions used in these experiments.
It was found experimentally that at 1 Ϸ 2 Ϸ 10 MHz and rf ϭ 40 MHz (Fig. 7b, trace 2) the condition of the echo formation is close to optimum and the echo amplitude comparable with the amplitude of the single-photon echo (Fig. 7b,  trace 1) . The echo signals at higher off-sets ⌬ and the same field strengths of 10 MHz (traces 3-5) are lower than their maximal values. For an off-set of 80 MHz echo maxima were observed with 1 Ϸ 2 Ϸ 15 MHz and pulse lengths of 100 and 200 ns, and with 1 Ϸ 2 Ϸ 10 MHz and pulse lengths of 200 and 400 ns. Furthermore, it was found that the amplitude of the echoes is maximum when the ratio ( 1 2 )/⌬ is equal to the value of 1 used in the single-photon echo experiment.
The echo-detected two-photon EPR spectra for rf ϭ 40 and 80 MHz are shown in Figs. 8b, c. The spectra were obtained by Fourier transformation of the time-domain traces and represent the behavior of the signal amplitudes at 40 and 80 MHz. As a reference, the single-photon spectrum was recorded with the same sequence (Fig. 8a) . For each experiment optimized field strengths were used, 1 ϭ 2.5 MHz and 2 ϭ 0 MHz for the single-photon echo, 1 Ϸ 2 Ϸ 10 MHz for rf ϭ 40 MHz, and 1 Ϸ 2 Ϸ 15 MHz for rf ϭ 80 MHz for the two-photon echoes. The two-photon spectra with shapes that are exact replicates of the single-photon spectrum are symmetrically placed to the position of the latter. The observed peak-to-peak splittings of the two-photon spectra (Figs. 8b, c) are close to twice the radio frequencies of 40 and 80 MHz. The two-photon echoes disappeared when the rf field was switched off or oriented perpendicular to B 0 . To demonstrate the dependence of the observed signals on the orientation of the rf field with respect to B 0 , the nutation frequencies under the combined mw and rf field excitation were measured as a function of the angle . The room temperature measurements were performed at X-band using a modified PEANUT sequence (Fig. 9a) , which creates a rotary echo at the mw frequency (39) . The length of the second mw and rf pulse was 5.12 s with amplitudes of 1 Ϸ 11 MHz and 2 Ϸ 10 MHz; the length of the /2 pulse was 200 ns. For the single-photon transition (rf off, mw ϭ 0 ), a nutation frequency of 2 nut Ϸ 22 MHz was found. In the two-photon experiments with rf ϭ 25 MHz the electron spin Larmor frequency was displaced from mw by 25 MHz. The width of the EPR line at the 1% level was about 11 MHz. A phase-sensitive detector was used for signal demodulation. Figure 9b shows the nutation frequencies 2 nut measured as a function of the angle . The nutation frequencies 2 nut were found to be proportional to the modulus of cos() (dotted line in Fig. 9b ) and, thus, proportional to the projection of the rf field onto the z axis. The echo signal disappeared for angles close to 90°.
The dependence of the echo amplitude on 1 2 and the line positions and the dependence of the nutation frequency on angle verify that the observed signals are two-photon echoes, which are created when one mw and one rf photon are simultaneously absorbed or emitted by the spin system. In the doubly primed frame, these transitions can be considered as single rf photon processes or as a transition between dressed states.
The theory also predicts multiphoton transitions where more than one rf photon is involved. To prove the existence of such transitions, the echo experiments were carried out at higher field strengths, namely 1 Ϸ 2 Ϸ 14 MHz, and an rf of 30 MHz. A 2D spectrum obtained with the two-pulse echo sequence (Fig. 7a) with mw and rf pulses of lengths 100 and 200 ns and the rf field along z is shown in Fig. 10 . One dimension represents the field off-set from the center of the single-photon transition; the other dimension represents the Fourier transform (absolute value) of the time-domain echo signals. Apart from the strongly distorted and broadened single-and two-photon echoes centered at (0, 0) and at (Ϯ1.1 mT, Ϯ30 MHz), new signals appeared at about (Ϯ2.1 mT, Ϯ59 MHz), i.e., at field and frequency off-sets that are twice as large as those of the two-photon echoes. The new signals were very weak and disappeared when the rf field vector was rotated from the z axis. Moreover, the signal amplitude of these new features decreased more rapidly than those of the two-photon echoes when the strength of the rf field was reduced. This behavior indicates that these signals represent three-photon transitions involving one mw photon and two rf photons.
The amplitudes of the single-, two-, and three-photon echoes as a function of 1 and 2 are shown in Fig. 11 . For both the two-and three-photon echoes, data with a variable 1 and a fixed 2 value, and vice versa, are given. The amplitudes of the different types of echoes reached their maxima at different field strengths. The maximum amplitudes were used as initial points in the plots (0 dB in Fig. 11 ). For the single-and two-photon resonances the echo maxima could clearly be identified by using a two-pulse sequence with flip angles /2 and . For three-photon transitions the maximum echo amplitude could not be observed with the available field strength, but it was not far from its optimum. The amplitude of the single-photon echo follows the function sin( 1 )sin 2 ( 2 /2) (40), where 1 and 2 are the flip angles of the first and second pulse and 2 ϭ 2 1 (dashed line in Fig. 11 with 1 ϰ 1 ) . The amplitudes of the two-photon echoes show virtually the same behavior as a function of both 1 and 2 .
The three-photon echoes behave in a different way. An attenuation of 2 by 3 dB reduced the echo amplitude by almost the same amount as an attenuation of 1 by 6 dB. The weak signal, the rapid decay of the signal intensity as a function of the rf amplitude, and the demands of the echo method allow only qualitative conclusions about the three-photon echoes. Nevertheless, a corresponding fit of the experimental data indicates (dotted line in Fig. 11 with 1 ϰ 2 2 ) that the flip angle 1 is proportional to 2 2 . From the observed dependences we conclude that for the two-photon echoes the relation between flip angle and field strength is given by 1 ϰ 1 2 and for the three-photon echoes by 1 ϰ 1 2 2 .
DISCUSSION
The results for the two-photon transitions given in Eqs. [18] and [19] obtained by Floquet theory and those obtained by the Bloch equations in the doubly rotating frame (30) show the same dependence of the effective field and the level shifts on the strength and the frequency of the radiation field. In EPR spectroscopy these dependences were initially proved by monitoring the spin nutation at the second harmonic of the singlefrequency excitation field (27) . Our experimental results obtained with two-frequency excitation (mw and rf), which is more convenient for practical applications, are in agreement with those reported in (27) . Thus Floquet theory, implemented in this work for even multiphoton resonances, can be applied to further investigate the spin dynamics during this kind of transition.
The experimental echo-detected two-photon spectra of ␥-irradiated quartz show the same features as that reported for the two-photon cw absorption spectra of free radicals measured with the same field geometry (14) , namely lines at positions 0 Ϸ mw Ϯ rf . The cw spectra were measured at much lower mw and rf power and smaller frequency off-sets. The signal intensities were found to be depended on T 1 and could not always be observed for radicals at room temperature. In our experiments strong two-photon echoes of irradiated quartz were observed at room temperature (T 1 Ϸ 0.2 ms at Q band), indicating that by using an intrinsically nonlinear method for excitation, multiphoton transitions can easily be studied.
Compared to the two-photon electron spin-echo experiments where the echo was excited by a single mw field at frequency mw ϭ 0 /2, tilted from B 0 by 45°, and detected at the second harmonic 2 mw (26), we used for excitation two radiation fields that differ in frequency by a factor 500 -1000. This allows stronger effective fields to be used for the two-photon transitions (compare (26, 27) with the results presented in this work). Moreover, the experiments with mw and rf radiation can be carried out with a much simpler experimental setup than that described in (26) , namely with an ENDOR probe head rotated by 90°. In pulse dressed EPR experiments (28), a similar technique was used but the mw frequency was on resonance with the electron Larmor frequency, and single rf photon absorption (or echo signal) was monitored at the single mw photon transition. In our study, excitation and detection are performed using two-and three-photon transitions, making another aspect of the dressed states concept clearly visible, namely that these states can play the role of intermediate states for multiphoton transitions.
CONCLUSION
In this work we have demonstrated that Floquet theory, up to now applied in magnetic resonance for the description of multiphoton transitions with an odd number of photons, can be extended to multiphoton transitions with an even number of photons. Electron spin-echo signals of two-and three-photon transitions were observed using an rf field oriented along the static magnetic field B 0 and an mw field oriented perpendicular to B 0 . Theory and experiments demonstrate that with this field configuration multiphoton resonances can easily be observed in pulse EPR experiments.
In the following we propose some applications of multiphoton resonances excited by a transverse mw field and a longitudinal rf field. First of all it should be noted that in multiphoton experiments the frequencies are different for excitation and detection. This allows one to perform experiments where pumping and observation take place at the same time. As an example, we propose to carry out coherent Raman beat EPR experiments (41) by using second-harmonic detection similar to how it was used for nutation experiments (27) . A second experiment we propose is related to the problem of coherence transfer between electron and nuclear spins. A close relation exists between the matched electron spin-echo envelope modulation approach (42) and the dressed spin experiment (28) . In the former experiment, matching of the electron spin nutation frequency to the nuclear Larmor frequency allows for an effective coherence transfer during prolonged mw pulses. In the latter experiment the resonance frequency of the electron spin under a similar condition was directly measured, demonstrating that the energy levels are shifted, so that the resonance of the electron spins can be observed at radio frequencies. The present multiphoton approach could be an alternative way to produce a pattern of energy levels appropriate for a resonant coherence transfer between electron and nuclear spins. In this approach the energy levels of the dressed spins are determined by the mw and rf frequencies and only the shifts of the levels depend on the field strength.
The last proposed experiment is related to multilevel spin systems. Since multiphoton transitions with ⌬m Ͼ 1 can be induced between pure states of the system, they could be used to obtain data which cannot be deduced from conventional EPR of a multilevel system.
EXPERIMENTAL
The experiments were performed on two homebuilt pulse EPR spectrometers of similar design operating at 35.3 GHz (Q band) (43) and 9.62 GHz (X band) (44) . Both instruments are equipped with four mw pulse-forming channels and with highpower TWT amplifiers (ASE 187 Ka, 100 W at Q band, and ASE 117X-1, 1 kW at X band). A Varian E110 bridge was used as an mw source at 35.3 GHz and an mw synthesizer (Wiltron, 6722B) at 9.62 GHz. The static magnetic field B 0 was measured with an NMR gaussmeter (Bruker, ER 035M). Bruker ENDOR probe heads were used for both frequency bands (probe head ER 5106 QTE, with a TE 013 cylindrical cavity at Q band, and probe head ER 4118X-MD-4-W1, with a TE 011 dielectric ring resonator at X band). The Q-band probe head was modified by Bruker to allow for measurements in the frequency range of the Varian microwave bridge.
Low-loss coaxial cables were used to connect the probe head with the mw bridge to allow for an easy change of the relative orientation between the direction of the rf field and B 0 . The rf pulses were created by switching the cw signal of an arbitrary wave function generator (LeCroy, LW420) and a signal generator (Marconi, 2022), and were amplified by high-power rf amplifiers (Kalmus 137C, and Amplifier Research 100LB8). The spectral purity of the mw and rf radiation was checked with a spectrum analyzer (Hewlett Packard, HP 8565E). The Kalmus amplifier had a relatively strong second harmonic, which could create unwanted spectral features at higher rf power. By adding a corresponding low-power rf signal in antiphase, the intensity of the second harmonic at the output of the amplifier could be reduced by about Ϫ35 dBc. The other devices did not produce any unwanted signals, which could manifest in effects similar to those observed in the experiments.
The strengths of the mw and rf fields were measured via the nutation frequencies of the electron spins and the nuclear spins of the protons. PEANUT experiments were performed to determine the nutation frequencies of the electron spins (39) . At Q band the rf field strengths were determined via the proton nutation frequencies measured in a Mims-ENDOR experiment; at X band they were measured with a calibrated pick-up coil. In addition, the mw field strengths were checked during the experiments by observing the echo amplitude as a function of the incident power. The variations in the mw field strengths were smaller than 10%.
Quartz glass (Herasil) ␥-irradiated with 90 kGy was used to demonstrate the multiphoton effects. Some of the measurements were performed at low temperature (100 K) using a cooling system from Oxford Inc. To separate single-and multiphoton signals from each other, analog phase-sensitive detection or digital signal processing (DSP) was used. In the former case the signals were mixed with the reference signal in a double-balanced mixer (Mini Circuits, ZAD-1-1) and then digitized. In the DSP method the time-domain traces were digitized at 500 MS/s with an oscilloscope (LeCroy, LC534) and then Fourier transformed.
